Ti:Sapphire lasers could provide tunable femtosecond pulses in the 680-1180 nm region; however, due to the requirement of expensive green pump sources, its current cost sets a barrier to its widespread adoption. As an alternative, Cr :Colquiriites (Cr:LiCAF, Cr:LiSAF, Cr:LiSGaF) also possess broad gain bandwidths and their total cw tuning range cover the 720-1110 nm region. Moreover, their broad absorption bands around 650 nm enable direct diode pumping by low-cost red laser diodes. However, so far the limited brightness of red diodes required combination of four to six pump diodes to reach reasonable output power levels from Cr :Colquiriites. This complex pumping geometry increases cost and causes stability issues in long-term operation. In this study, we report compact, low-cost and efficient Cr:Colquiriite lasers pumped by a single 1.2 W tapered laser diode at 675 nm. In continuous wave laser operation, output powers of 500 mW and 410 mW together with slope efficiencies of 47% and 41% were demonstrated from Cr:LiSAF and Cr:LiCAF, respectively. In cw mode-locked operation, sub-100-fs pulse trains with average power between 200 mW and 250 mW were obtained at repetitions rates around 100 MHz. These results indicate that tapered diodes in the red spectral region are likely to become the standard pump source for Cr:Colquiriite lasers in the near future. Moreover, the simplified pumping scheme might facilitate efficient commercialization of these low-cost systems, bearing the potential to significantly boost applications of cw and femtosecond lasers in this spectral region.
INTRODUCTION
The Ti:Sapphire gain medium has an ultra-broad gain bandwidth that supports pulses as short as 5 fs as well as tunability from 680 to 1180 nm [1, 2] . It also exhibits favorable thermal properties which enable power scaling to several watts. Hence, Ti:Sapphire lasers successfully replaced dye laser technology in the early 1990s; and since then, they play a crucial role in the laser market, especially for applications that benefit from flexibility in wavelength, pulse duration, and average power [3] . On the other hand, Ti:Sapphire lasers are typically pumped by frequency-doubled neodymium lasers which are relatively expensive and electrically inefficient. These facts are limiting the widespread adoption of Ti:Sapphire technology and slowing down progress in many important areas of science and technology. As a promising ________________________ *umit79@alum.mit.edu; phone +49-(0)7531-88-2936; fax +49-(0)7531-88-3072; http://www.uni-konstanz.de/quantumelectronics progress, direct diode pumping of this gain medium with blue GaN diode lasers around 450 nm has been demonstrated recently [4] . On the other hand, upon pumping with a single 1-W diode (M 2 ∼1.5), 114 fs long pulses with only 13 mW of average power have been obtained in cw mode-locked operation. This result is attributed to the existence of additional parasitic losses when exciting at such short wavelengths [4] . We also note that green sources based on frequency doubled semiconductor lasers are slowly becoming the standard pump for Ti:Sapphire. Although this technology has benefits over standard Nd-based technology, the cost, complexity, and compactness are still a big issue compared to direct diode pumping.
As a promising alternative to Ti:Sapphire, Cr 3+ -doped colquiriite crystals (Cr 3+ :LiSAF [5] , Cr 3+ :LiSGaF [6] , and Cr 3+ :LiCAF [7] ) also possess broad gain bandwidths around 800 nm, providing total tunability from 720 nm to 1110 nm and enabling generation of pulses on a 10-fs level [7] [8] [9] [10] [11] . More importantly, their absorption band around 650 nm allows for direct pumping by red laser diodes, significantly reducing system complexity and improving wall-plug efficiency. Various diode types have been used to pump Cr:Colquiriite lasers to date, including laser diode arrays [12] , broad-stripe single-emitter diodes [13] [14] [15] [16] , and single transverse-mode laser diodes (ridge waveguide lasers) [17] [18] [19] [20] [21] [22] [23] [24] [25] . One main drawback of these sources has been their relatively low brightness, requiring four to six diodes to reach reasonable output power levels. For example, state-of-the-art single mode diodes at 650 nm provide about 200 mW of output power at M 2 < 1.1. Four of these diodes are needed to reach a cw output around 350 mW and average powers of about 250 mW in mode-locked operation [25] . Single-emitter diodes with 150 μm stripe width are commercially available and provide up to 1.5 W, but beam profiles are asymmetric and of low quality (M 2 slow ∼10, M 2 fast <1.1). Therefore, one needs to combine four of these diodes to reach cw output levels of 1 W and cw mode-locked average powers of about 400 mW [14, 16] . Likewise, multimode diode arrays might exhibit very high power levels (10s of Watts), but at the expense of increased cost and reduced beam quality. For example, Kopf et al. used a 15 W diode array (M 2 sag ∼1200, M 2 tan <1.1) to pump a specially designed Cr:LiSAF laser with an asymmetric cavity beam profile. Average powers of 1.42 W and 500 mW were obtained in cw and cw mode-locked operation, respectively [12] . In summary, all studies performed so far have used complex pumping geometries to reach reasonable output levels from Cr:Colquiriite lasers.
As an alternative technology, tapered diodes combine the excellent beam quality of ridge waveguide lasers and the output power of broad-stripe single emitters [26, 27] . Tapered diode lasers consist of a straight ridge waveguide section and a tapered section. Any higher-order modes generated in the tapered section are filtered out by the ridge waveguide, resulting in an almost diffraction-limited beam profile [26] . For example, tapered diodes at 980 nm have been successfully used for pumping solid-state lasers based on Ytterbium and Neodymium [28, 29] . Note that there exist devices based on the master oscillator power amplifier (MOPA) concept. In contrast to MOPA systems with several independent components operated in series, the entire chip acts as a resonator in tapered diodes [26] . In 1998, Robertson et al. used two hybrid MOPA devices providing 450 mW of output power each (M 2 <2) to pump a Cr:LiSAF laser. They obtained femtosecond pulse trains with approximately 100 mW of average power and a tuning range from 809 nm to 910 nm [30] .
In this work, we report the first successful application of monolithic tapered diode lasers to pump Cr:Colquiriite systems [31] . A single device on a c-mount package was used [27] . It provided up to 1.2 W of output power at 675 nm together with M 2 values of 1.5 in the fast axis and 2.5 in the slow axis, respectively. Up to 500 mW and 410 mW of output power and slope efficiencies of 47% and 41% were demonstrated from Cr:LiSAF and Cr:LiCAF lasers in cw operation at 1150 mW of absorbed pump power, respectively. Mode locking was initiated and sustained with saturable absorber mirrors (SESAMs/SBRs) [32, 33] . In typical mode locking experiments, 105-fs, 1.84-nJ pulses with 232 mW of average power around 800 nm, and 90-fs, 1.97-nJ pulses with 193-mW of average power around 850 nm have been obtained from the Cr:LiSAF laser. Similarly, in mode-locking experiments with Cr:LiCAF, 55-fs, 2.04-nJ pulses with 217 mW of average power around 800 nm have been achieved. These results show that Cr:Colquiriite lasers pumped with tapered diodes are arising as attractive alternatives to Ti:Sapphire for various applications in science and technology such as e.g. multiphoton microscopy. Figure 1 shows the setups of the Cr:LiSAF and Cr:LiCAF lasers under study. The gain medium was pumped at 675 nm by a single, linearly-polarized (TM) tapered diode laser providing up to 1180 mW of power at a drive current of 1.5 A, a base temperature of 15 °C and a conversion efficiency of approximately 30 % [27] . The output of the diode was collimated by an aspheric lens of a focal length of f = 4.5 mm and a cylindrical lens with f z = 50 mm. An achromatic doublet with f = 60 mm was used to focus the pump beam into the crystals. Astigmatically-compensated, X-cavities with two curved pump mirrors (M1 and M2, R = 75 mm or 100 mm), a flat end mirror (M3), and a flat output coupler (OC) were employed in the cw laser experiments. The length of the long cavity arm was adjusted to obtain a beam waist of approximately 25 μm inside the gain medium. A 7-mm-long, 1.5% Cr-doped Cr:LiSAF and a 4-mm-long, 7% Cr-doped Cr:LiCAF crystal from VLOC were used in the studies. They absorbed 99.5% and 98.5% of the incident TM polarized pump light at 675 nm, respectively. Both crystals were 1.5 mm thick and mounted with indium foil in a copper holder under water cooling. For mode-locked operation, dispersion compensation was performed via DCMs, partially in combination with a GTI. The DCMs used in this study had group delay dispersion (GDD) of -50 fs 2 or -80 fs 2 per bounce, respectively. The GTI mirror provided a GDD of -550±50 fs 2 per bounce in the spectral range between 790 and 820 nm. Two different AlGaAs-based SESAMs/SBRs with centered reflectivity around 800 and 850 nm were used to initiate and sustain modelocking. Modulation depths amounted to (0.8±0.2)% and (0.6±0.15)%, respectively. Detailed information on these devices may be found in [25] .
EXPERIMENTAL SETUPS

RESULTS OF CONTINUOUS-WAVE LASING EXPERIMENTS
The cw laser efficiencies of Cr:LiSAF and Cr:LiCAF at various levels of output coupling are depicted in Figure 2 . All data were taken at a base temperature of the crystal mount of 18 °C. With both gain media, almost identical results were obtained using 0.5 and 1% output couplers. Due to the increased role of thermal effects, obtainable power levels decreased under 2 and 3 % of output coupling. An output power as high as 500 mW was obtained at an absorbed pump of 1145 mW with Cr:LiSAF using the 0.5% OC. The corresponding lasing threshold and the slope efficiency were 45 mW and 47%, respectively. Our estimate of the total cavity losses per round trip of approximately 0.8 % is based on measuring the lasing threshold with different output couplers. The slope efficiency of our Cr:LiSAF laser comes close to the reported intrinsic value from the literature of 54% [16] . This fact highlights good mode-matching between the pump and cavity modes in our setup. An output of 410 mW was obtained with the Cr:LiCAF laser at an absorbed pump power of 1115 mW and under a value of 0.5 % of output coupling. A lasing threshold of 93 mW and a slope efficiency of 41% have been determined for this system. As indicated by the lower output level, the total round trip losses were estimated to be approximately 1.5 % for the Cr:LiCAF cavity. We expect the performance to further improve in future studies with lower-loss Cr:LiCAF crystals. We have also investigated the effects of thermal loading on the laser crystals. This information was gained by measuring the cw laser performance at varying temperatures of the crystal holder and with different output couplers. Figure 3 shows the measured cw laser output powers versus base temperature for the Cr:LiSAF and Cr:LiCAF lasers, at an absorbed pump power level of 1150 mW. The results show that thermal effects are less pronounced in Cr:LiCAF due to its superior thermal properties as compared to Cr:LiSAF (i.e. higher thermal conductivity, as well as lower quantum defect, excited-state absorption and upconversion rate [16] ). Even though there is some increase in Cr:LiCAF laser output power upon cooling, our results show that the improvements are of minor importance and the tapered diode pumped Cr:LiCAF laser can be operated efficiently at room temperature. On the other hand, a very different and interesting behavior is observed with the Cr:LiSAF. First of all, for each output coupling there is a critical temperature at which the laser power decreases abruptly. This finding indicates that the local temperature in some part of the Cr:LiSAF crystal reaches ∼70 °C which represents a critical threshold for lifetime quenching [16] . The decrease in upper state lifetime limits the level of output power. Secondly, the thermal effects are worse at high values of output coupling. This observation results from an Auger upconversion process in Cr:Colquiriites [16, [34] [35] [36] : the lifetime of the upper laser level not only depends on temperature but also on the degree of inversion. Application of higher output coupling decreases the intracavity power which results in an increase of the population inversion of the upper laser level. In turn the upper state lifetime decreases and laser performance gets degraded [16] . Note that the laser is conveniently operated at room temperature using low output coupling.
PERFORMANCE OF MODE-LOCKED OPERATION
In this section, representative cw mode-locking results from the tapered diode pumped Cr:LiSAF and Cr:LiCAF lasers are presented. In all cases, we kept the repetition rates around 100 MHz and the pulsewidths around 100 fs or below. Those are typical parameters desired for interesting applications like e.g. multiphoton microscopy [37] . From the tapered diode pumped Cr:LiSAF laser, we have obtained almost transform limited 105-fs long pulses centered around 865 nm using an 850 nm SESAM/SBR to initiate mode-locking and DCMs for dispersion compensation. An average output as high as 232 mW was achieved at an absorbed pump power of 1 W (see Fig. 4 ). The transverse mode profile was symmetric and circular with M 2 below 1.1. For the data depicted in Fig. 4(a) , the crystal holder was cooled to 10 °C and the maximum output power was ultimately limited by thermal effects. Similarly, using a 1% output coupler, the 800-nm SBR and a GTI mirror, we have obtained a train of 90-fs pulses centered at 810 nm with an average power of 193 mW (Fig. 5) . Interestingly, thermal effects still limited the obtainable average powers even with the 1% output coupler and at a crystal base temperature of 10 °C. We attribute this finding to the increased losses of the mode-locked laser cavity. Consequently, special low-loss DCM/GTI mirrors and SESAM/SBRs will be required for optimum operation of tapered diode pumped Cr:LiSAF lasers in the mode-locked regime. In mode-locking experiments with the Cr:LiCAF laser, under 2% of output coupling, using DCM mirrors for dispersion compensation and the 800-nm SBR for mode-locking, we have obtained pulse durations as short as 55 fs and an average output of 217 mW at an absorbed pump power of 1115 mW (Fig. 6) . Motivated by the superior thermal properties of the Cr:LiCAF crystal, the crystal holder was cooled to only 18 °C. Still, we did not observe a significant limitation in obtainable output powers due to thermal effects.
SUMMARY
In summary, we have presented cw and cw mode-locked operation of Cr:LiSAF and Cr:LiCAF lasers pumped by a tapered diode laser. Our results show that a single pump device is sufficient to reach attractive levels of output power.
Moreover, compared to systems that are pumped by four single or multimode diodes, the tapered diode pumped system is compact, less complex and therefore features reduced alignment sensitivity and enhanced long-term stability. Therefore, we are convinced that such low-cost tapered diodes in the red spectral region will become the standard pump source for Cr:Colquiriite lasers in the near future. We have observed some thermal effects in Cr:LiSAF, but there is great potential to reduce them in future studies by using thinner gain crystals and intracavity optics with lower loss. In short, with its favorable output characteristics, our compact Cr:Colquiriite systems represent attractive alternatives to Ti:Sapphire technology in emerging applications requiring near-infrared femtosecond pulse trains.
